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loss and replacement on cardiovascular disease risk remain unknown. Furthermore, the hormonal shift and accompanying increase in cardiovascular risk that occur at menopause beg the possibility that basic cardiovascular aging processes differ between males and females.
Nitric oxide (NO)-mediated signaling declines with age (2, 19, 45) . In contrast, estrogen enhances endothelial nitric oxide synthase (eNOS) expression (30) and nitric oxide synthase (NOS) signaling (44, 47) and may also contribute to NO bioavailability in the vasculature through enhancement of antioxidant function. In mesenteric arterioles of ovariectomized rats, superoxide (O 2 Ϫ ) levels were reduced following estrogen treatment (7) . Similarly, estrogen supplementation reduced basal O 2 Ϫ production in rat aorta (13) . Although the beneficial effects of estrogen in the vasculature have been well documented, most studies have been performed in young animals (7, 29, 42, 48) or in large arteries (13, 16, 17, 27) . We have previously demonstrated an age-induced impairment of flowinduced, NO-mediated dilation in coronary arterioles from male and female rats (24, 26) . In coronary arterioles from aged male rats, an imbalance in antioxidant defense mechanisms contributes to reduced NO availability (21) ; however, despite the known antioxidant effects of estrogen (7, 43) , the impact of estrogen on reactive oxygen species (ROS) and regulation of NO signaling in the coronary resistance vasculature of aging females remains poorly understood.
ROS have been implicated in the development of age-related endothelial dysfunction (6, 10) . Furthermore, elevated hydroxyl radical formation contributes to impairment of flowinduced vasodilation in coronary arterioles from aged male rats (21) . Although we have reported an age-related reduction in flow-induced, NO-mediated vasodilation in coronary resistance vessels from female rats (23) , the contribution of oxidant stress to this loss of NO-mediated dilation has not been determined. Therefore, we hypothesized that ROS scavenging and estrogen replacement will improve age-related impairments in flow-induced vasodilation in coronary arterioles by increasing NO bioavailability.
METHODS
Animals. All procedures in this study were approved by the Institutional Animal Care and Use Committee at West Virginia University. All methods fully complied with guidelines set in the Guide for the Care and Use of Laboratory Animals (National Institutes of Health, revised 1996). Young (4 mo) and old (22 mo) female Fischer 344 rats were obtained from the National Institute of Aging colony and housed during treatment for 2 mo so that ages at death were 6 and 24 mo, respectively. These rats are sexually mature adult animals at 4 mo, while 24-mo-old rats are senescent, with an ϳ50% colony mortality rate at this age. Animals were housed at 23°C with a 12:12-h light-dark cycle and provided water and phytoestrogen-free rat chow ad libitum. Estrous cycles were monitored by daily vaginal smears to determine estrous status at the time of death, and subsequent analysis revealed no correlation between estrous status and vascular reactivity, as previously described (23) .
Ovariectomies (OVX) were performed 8 wk before experimentation, as previously described (23) . Estrogen replacement (OVE) was performed simultaneous to OVX. Two 0.05-mg 17␤-estradiol 60-day slow-release pellets (Innovative Research, Toledo, OH) were implanted subcutaneously.
Microvessel preparation. Rats were anesthetized (5% isoflurane/O 2 balance) and killed by excision of the heart, which was immediately placed in cold, filtered physiological saline solution (PSS, pH 7.4) containing (in mM) 145 NaCl, 4.7 KCl, 2.0 CaCl 2, 1.17 MgSO4, 1.2 NaH 2PO4, 5.0 glucose, 2.0 pyruvate, 0.02 EDTA, 3.0 MOPS buffer, and 1% BSA. Resistance arterioles (Ͻ150 m) were isolated from the left anterior descending coronary artery distribution as previously described (40) . Arterioles were cannulated on pipettes matched for size and resistance in a Lucite chamber that contained PSS equilibrated with room air. In coronary arterioles Ͻ150 m, intraluminal pressure is ϳ40 -50 mmHg (3), and mean arterial pressure and cardiac output are similar between young and old Fischer-344 rats (9); therefore, mean intraluminal pressure was maintained at 60 cmH 2O in arterioles from both young and old rats for all experiments. Arterioles with leaks were discarded. Vessels determined to be free of leaks were warmed to 37°C and allowed to equilibrate for ϳ30 min until developing spontaneous tone. Only arterioles that developed and maintained Ͼ20% tone were used to assess vasodilatory responses.
Evaluation of vasodilator responses to intraluminal flow. Arterioles were exposed to graded increases in intraluminal flow by adjusting the height of fluid reservoirs in equal and opposite directions, thereby creating a pressure difference across the arterioles without altering intraluminal pressure within the arterioles (22) . Diameter measurements were determined in response to pressure differences of 2, 4, 10, 20, 40, and 60 cmH2O, corresponding to physiologically significant flow rates from 5 to 50 nl/s (31) . In a subset of vessels of similar diameter to those used to assess functional dilation to flow, red blood cell velocity (Vrbc) was measured at the same pressure differences. Volumetric flow was calculated from mean Vrbc and inner diameter as previously described (25, 31) .
To examine the effects of free radical scavenging on flow-induced dilation in coronary arterioles, responses were also assessed in the presence of the cell-permeable superoxide dismutase (SOD) mimetic Tempol [100 M (32)], the H2O2 scavenger catalase [100 U/ml (12) ], or the Cu/Zn SOD inhibitor diethyldithiocarbamate [DETC, 1 mM (11)]. Each pharmacological agent was applied for 20 min before evaluation of the flow response. In some experiments, flow responses in the presence of pharmacological agents were performed after completion of a control response. In instances where a complete control response was not obtained, verification of endothelial responsiveness was assessed before pharmacological intervention by exposing the vessel to a brief period of flow (5 nl/s). The order of interventions was randomized except that a control flow response was always obtained before any pharmacological intervention was performed. Vessels that did not respond to flow under control conditions were discarded.
Fluorescence detection of NO and H2O2. Vessels were cannulated and allowed to equilibrate for ϳ30 min until achieving spontaneous tone. Before fluorescent reagents were added, autofluorescence levels were recorded and were not significantly different between groups (data not shown). Flow-induced production of NO was detected with the cell-permeable fluorescent reagent 4-amino-5-methylamino-2=2=-difluorofluorescein diacetate (DAF, 5 M) at an excitation wavelength of 490 nm and an emission wavelength of 515 nm. To examine flow-induced production of H2O2, vessels were treated with 5-(and-6)-chloromethyl-2=,7=-dichlorodihydrofluorescein diacetate (DCF, 5 M). DCF fluorescence was visualized at 475 and 515 nm excitation and emission wavelengths, respectively, with a 0.5 neutral density filter (Zeiss) to minimize photo-oxidation. Because albumin may interfere with DAF and DCF fluorescence detection, albumin-free solutions were used for all fluorescence experiments. Intraluminal loading was performed by introducing either DAF or DCF in one perfusion pipette and establishing 20 nl/s flow through the arteriole for 2 min. Flow through the arteriole was then arrested, and the dye was incubated in the arteriole for 5 min. Following incubation, reverse flow was initiated (20 nl/s) and maintained through the vessel for 10 min to wash all dye from the vessel lumen and perfusion pipettes. The arteriole was then allowed to equilibrate for an additional 5 min before a 20-min incubation with vehicle, catalase (100 U/ml), or N G -nitro-L-arginine methyl ester (L-NAME; 10 M). Fluorescent images were recorded using an Axiovert 40CFL inverted microscope (Zeiss) equipped with an HBO 50 superpressure mercury lamp (Zeiss). At the beginning of each experiment, a baseline image was recorded in the absence of flow. Camera (Axiocam; Zeiss) settings were adjusted to this image and maintained throughout the course of the experiment (34) . Focal plane was adjusted to maintain the same user-defined region of interest (ROI) as the vessel dilated to flow. Fluorescent images were captured every 15 s during a 2-min exposure to flow at 7.5, 35, and 50 nl/s for a total of 6 min. At the conclusion of each experiment, vessels were exposed to the NO donor DEA-NONOate (1 M) or H 2O2 (10 mM) to verify DAF or DCF, respectively, was sufficiently loaded through the duration of the experiment. 
Evaluation of vasodilator responses to H 2O2.
To examine the effects of aging and estrogen status on arteriolar responsiveness to H 2O2, concentration-response curves were determined. Isolated microvessels were equilibrated and allowed to develop spontaneous tone. Vasoreactivity to cumulative additions of extraluminal H 2O2 (100 nM-10 mM, 3-min stages) were recorded.
Immunoblot analysis. Coronary arterioles (5 pooled vessels/sample) were dissected and immediately snap-frozen and stored at Ϫ80°C until use. Vessels were lysed in 1ϫ sample buffer (62.5 mM Tris, pH 6.8, 2% SDS, 6 M urea, 160 mM dithiothreitol, and 0.1% bromphenol blue), and protein concentration was determined using the NanoOrange Protein Quantification Kit (Invitrogen). Samples (10 g total protein) were subjected to SDS-PAGE (10%) and then transferred to polyvinylidene difluoride membranes. Membranes were blocked for 1 h at room temperature (5% nonfat dry milk in Tris-buffered saline ϩ 0.1% Tween 20) and then incubated overnight at 4°C with catalase (1:6,000; Chemicon), Cu/Zn SOD (1:1,000; Stressgen), nitrotyrosine (NT, 1:500; Abcam), or ␤-actin (1:4,000; Cell Signaling). After being washed, membranes were incubated with respective horseradish peroxide-conjugated secondary antibody (Cell Signaling) for 1 h at room temperature. Peroxidase activity was determined using SuperSignal West Femto (Pierce), with image analysis performed using ImageJ. Loading differences were normalized by expressing all data as relative densitometric units of the protein of interest vs. ␤-actin.
Data presentation and analysis. All data are expressed as means Ϯ SE. Development of spontaneous tone was expressed as the percent constriction relative to maximal diameter and was calculated as follows:
where IDmax is the maximal inner diameter recorded at a pressure of 60 cmH2O under Ca 2ϩ -free conditions and IDb is the steady-state baseline diameter. The vasodilator responses to flow and H2O2 are expressed using the following equation:
where IDs is the arteriolar diameter during flow, IDb is the diameter recorded immediately before initiation of the flow-or concentrationdiameter curves, and ID max is the maximal diameter for the arteriole.
Responses to flow and H2O2 were evaluated by ANOVA to detect main effects between (age and estrogen status) or within (flow rate, concentration of H 2O2, or inhibitor treatment) groups. Post hoc analyses were performed using Bonferroni's test for pairwise comparisons. Group differences in animal and vessel characteristics were compared by Student's t-test. Differences in fluorescence intensity and protein content were assessed using two-way ANOVA with correction using the general linear model. Statistical significance was defined as P Յ 0.05.
RESULTS
Animal and vessel characteristics. Body weight, heart weight, and heart weight-to-body weight ratios increased with age. Uterine weight-to-body weight ratio, a biomarker of estrogen status, declined with aging in intact animals and was markedly reduced in both young and old OVX rats. Estrogen replacement significantly increased the uterine weight-to-body weight ratio compared with OVX in both age groups. These data confirm previous work from our laboratory examining the effects of estrogen replacement on estradiol levels and other estrogen biomarkers (23) . Advancing age did not alter spontaneous tone in coronary arterioles from intact rats. Similarly, estrogen status did not significantly alter tone within either age group, and maximal diameter was not different in vessels regardless of age or estrogen status (Table 1) . Basal tone increased following treatment with Tempol and catalase in both young and aged intact groups.
Vasodilator responses to intraluminal flow. Flow-induced vasodilation was significantly impaired in coronary arterioles from aged compared with young intact rats (P Ͻ 0.05; Fig. 1 ), consistent with previous findings from our laboratory in arterioles from aged male and female rats (24, 26) . Maximal dilation in vessels from young intact females reached ϳ46% (Fig. 1A) compared with a maximal dilation (ϳ32%) in vessels from aged intact females (Fig. 1B) . OVX reduced flow-induced dilation in arterioles from young rats to a greater extent than in arterioles from old rats, thereby eliminating age-related differences (Fig. 1) . Estrogen replacement in young rats restored flow-induced vasodilation to levels similar to those of intact animals (Fig. 1B) . In old rats, estrogen replacement increased flow-induced dilation to levels surpassing those of intact rats (Fig. 1B) .
Flow-induced NO production. DAF fluorescence microscopy was used to examine flow-induced NO production in isolated coronary arterioles from young and aged females of varying estrogen status. At maximal flow (50 nl/s), DAF fluorescence was significantly reduced in vessels from aged intact rats compared with those from young intact rats (Fig. 2) . OVX reduced flow-induced NO availability in arterioles from young but not old rats. In both young and aged rats, estrogen replacement enhanced DAF fluorescence compared with agematched OVX (Fig. 2B) . Hence, age-related differences in flow-induced increases in NO were eliminated in both OVX and OVE rats. L-NAME, a NOS inhibitor, eliminated flowinduced increases in DAF fluorescence in arterioles from all groups, confirming DAF specificity for NO and the contribution of NO to flow-induced vasodilation (Fig. 2C) .
Effect of O 2 Ϫ scavenging on vasodilator responses to intraluminal flow. To determine the effects of O 2
Ϫ scavenging on flow-induced dilation in young and old female rats of varying estrogen status, coronary arterioles were incubated with the SOD mimetic Tempol (100 M) before exposure to flow. Tempol significantly reduced flow-induced dilation in coronary arterioles from intact young and aged females (Fig. 3A) . In contrast, treatment with Tempol did not significantly alter flow-induced dilation in either OVX-treated group (Fig. 3B ). Similar to vessels from intact rats, flow-induced dilation of arterioles from OVE animals was also impaired by Tempol (Fig. 3C ). Similar findings were obtained when coronary arterioles were treated with polyethylene glycol-conjugated SOD (PEG-SOD; data not shown). 
Data are presented as means Ϯ SE; n, no. of mice. OVX, ovariectomized; OVE, OVX ϩ estrogen treated; HW/BW, heart weight-to-body weight ratio; UW/BW, urine weight-to-body weight ratio; DETC, diethyldithiocarbamate. P Ͻ 0.05 vs. young intact (*), vs. age-matched intact ( †), vs. age-matched OVX ( ‡), and vs. baseline (#).
Coronary arterioles were incubated with the Cu/Zn SOD inhibitor DETC (1 mM) to determine the effects of SOD inhibition on flow-induced dilation. In coronary arterioles from young rats, inhibition of O 2 Ϫ scavenging with DETC increased flow-induced dilation, regardless of estrogen status (Fig. 4) . In old rats, DETC improved flow-induced vasodilation in coronary arterioles from intact and OVE groups (Fig. 4, A and C) , but not in the OVX group (Fig. 4B) .
Effect of O 2 Ϫ scavenging on NO production. To assess the effect of O 2 Ϫ scavenging on flow-induced increases in NO, DAF fluorescence was assessed in vessels treated with Tempol. A: representative images of vessels from young and old intact, OVX, and OVE rats at maximal flow (50 nl/s). B: DAF fluorescence increased in coronary arterioles from all groups at 50 nl/s flow (n ϭ 6 -11 mice/group). NO production in response to flow declined with age in intact females, as evidenced by reduced DAF intensity. OVX reduced NO production in vessels from young females. Estrogen replacement enhanced NO availability in vessels from old rats (A and B). C: treatment with the nitric oxide synthase (NOS) inhibitor N G -nitro-L-arginine methyl ester (L-NAME) inhibited flow-induced NO production in all groups (n ϭ 3/group). Data are presented as means Ϯ SE. *P Ͻ 0.05 vs. young intact. ‡P Ͻ 0.05 vs. age-matched OVX.
Similarly to L-NAME, Tempol eliminated flow-induced increases in DAF fluorescence in vessels from all groups (Fig.  3D) , indicating that at least some amount of O 2 Ϫ is required to elicit flow-induced increases of NO in rat coronary arterioles.
Role of H 2 O 2 in flow-induced dilation. To determine the role of H 2 O 2 in flow-induced dilation of coronary arterioles from young and old female rats of varying estrogen status, coronary arterioles were incubated with the H 2 O 2 scavenger catalase (100 U/ml) before exposure to flow. Treatment with catalase significantly blunted flow-induced vasodilation in all groups, regardless of age or estrogen status (Fig. 5A) . To determine whether aging or hormone status alters dilation to authentic H 2 O 2 in coronary arterioles, concentration-response curves to H 2 O 2 (100 nM-10 mM) were assessed. Ten millimolar H 2 O 2 elicited maximal dilation in arterioles from all groups (Fig.  5B) . Responsiveness to H 2 O 2 did not differ between groups.
DCF fluorescence was used to assess flow-induced changes in H 2 O 2 . Fluorescence increased in response to increasing flow rates in arterioles from all groups (Fig. 5C) ; however, maximal fluorescence at 50 nl/s flow did not differ between any groups, suggesting that flow-induced H 2 O 2 production does not change significantly with aging or alterations in hormone status (Fig.  5C ). Catalase treatment blunted flow-induced increases in DCF fluorescence in arterioles from all groups, demonstrating specificity of increases in dye fluorescence to H 2 O 2 (Fig. 5D) .
Immunoblot analysis. NT, an indicator of peroxynitrite (ONOO
Ϫ )-induced cell damage, dramatically increased with aging in vessels from old vs. young intact females (Fig. 6) . In vessels from young rats, loss of ovarian hormones augmented NT abundance, and this effect was reversed by estrogen replacement. In contrast, OVX did not alter NT levels in arterioles from old rats, and OVE significantly reduced NT levels compared with those in arterioles from both OVX and intact rats (Fig. 6) .
Endogenous catalase protein levels in coronary arterioles of female rats did not vary with age or changes in estrogen status (Fig. 7B) . Arteriolar Cu/Zn SOD protein declined with advancing age (P Ͻ 0.05). In coronary arterioles from young females, OVX reduced Cu/Zn SOD protein expression, and estrogen replacement restored Cu/Zn SOD levels to those of intact rats (Fig. 7C) . In aged females, OVX did not alter Cu/Zn SOD levels, while estrogen replacement enhanced Cu/Zn SOD protein expression compared with vessels from both intact and OVX females (Fig. 7C) . Thus, following estrogen replacement, age-related differences in Cu/Zn SOD expression were eliminated. . Therefore, the purpose of the current study was to determine whether advancing age and declining estrogen alter ROS signaling and NOmediated dilation of coronary resistance arterioles. We have confirmed our earlier findings that both age and diminished estrogen reduce NO-mediated dilation of coronary arterioles (23), and we now extend those findings by showing that impairment of O 2 Ϫ buffering contributes to this decline in NO-mediated vasodilation. This decline in NO signaling is paralleled by a decrease in Cu/Zn SOD protein and an increase in NT, a marker of cellular oxidative stress, all of which are restored similar to young intact levels following estrogen treatment. Collectively, our data support the conclusion that the decline in NO-mediated dilation that occurs with age or diminished estrogen results, at least in part, from impaired regulation of ROS, and, in particular, O 2
Ϫ
. Importantly, our work shows for the first time that the age-related loss of NO-mediated dilation related to heightened oxidant stress can be reversed in females by exogenous estrogen supplementation and improvement of antioxidant defense mechanisms.
The myocardium metabolizes nearly two-thirds of available oxygen in the coronary circulation at rest (39) . The heart must therefore rely on increases in flow for sufficient perfusion, and reduction in coronary blood flow, such as occurs with aging, might have detrimental effects on cardiac function. Stepp and colleagues (41a) previously demonstrated resting coronary arteriolar blood flows ranging from 0 to 13 mm/s, which approximates 0 -20 nl/s flow rate in the current isolated vessel model. Our data indicate that flow-mediated dilation is significantly impaired with aging at higher flow rates of ϳ30 -50 nl/s (Fig. 3A) .
Hachamovitch et al. (15) reported a 43% reduction in maximal coronary blood flow with aging in conscious male Fischer 344 rats, reflecting a significant loss of coronary flow reserve. Additionally, we have shown that the age-induced impairment of flow occurs predominantly at flow rates corresponding to in vivo flows that would be generated by intense demand or reduced oxygen availability (5) . In aged female Wistar-Imamichi rats, coronary blood flow was diminished compared with young rats following NOS inhibition by N G -nitro-L-arginine (14) . In contrast, we have previously reported that NOS inhibition with L-NAME impairs flow-mediated dilation in coronary arterioles from young, but not aged, Fischer 344 rats (23) . Following estrogen replacement, however, L-NAME impairs flow-induced dilation similarly in both age groups (23) . Collectively, these data suggest that both aging and estrogen status alter NOS mediation of NO-dependent flow-mediated dilation.
Previous work in coronary arteries of estrogen receptor (ER)-␣ knockout mice showed reduced responsiveness to ACh following OVX, with restored endothelium-dependent vasodilation following chronic estrogen treatment (30) . Consistent with these reports, OVX blunted flow-induced vasodilation in arterioles from both young and aged females (Fig. 1) . OVE restored flow-induced vasodilation in arterioles from young rats (P ϭ 0.44; Fig. 1A ) and, notably, enhanced flow-induced dilation in arterioles from old rats to levels similar to that of young intact rats (Fig. 1) . Flow-induced NO availability also declined with age in arterioles from intact females (Fig. 2) . Removal of ovarian hormones significantly diminished flowinduced NO production in vessels from young but not old females, and estrogen treatment enhanced NO availability in arterioles from old OVX females (Fig. 2) . These results are consistent with work performed in cultured endothelial cells, where incubation with estrogen increased NO production (35, 37) . Our data suggest that estrogen administered immediately following OVX can enhance endothelial NO availability in coronary arterioles, even at an advanced age. We hypothesized that ROS scavenging would increase NO availability and improve endothelium-dependent, flow-induced dilation of coronary arterioles, particularly in aged and OVX groups. Contrary to our expectations, we found that the O 2 Ϫ scavenger Tempol blunted flow-induced increases in NO and subsequent vasodilation in arterioles from intact and OVE females (Fig. 3, A and C) . We confirmed our Tempol findings with the use of an alternative SOD mimetic, PEG-SOD (data not shown). We also performed experiments using DETC to inhibit endogenous SOD and found that flow-induced vasodilation was augmented in arterioles from all rats except those in the old OVX group (Fig. 4) . These results contrast previous reports describing the beneficial effects of exogenous SOD and its analogs on vascular function. In OVE and OVX rats, SOD mimetic manganese(III) tetrakis(1-methyl-4-pyridyl)porphyrin reduced hydroethidine staining in mesenteric arterioles by 75% (7), and, in aged OVX rats, treatment with the SOD mimetic EUK-8 improved cardiac functional recovery following ischemia-reperfusion injury (48) . Our data more closely parallel a recent study in aged rats in which skeletal muscle blood flow declined following incubation with Tempol (18) . Although supplementation with SOD may diminish O 2 Ϫ , this treatment may also drive formation of H 2 O 2 and ultimately increase intracellular and highly cytotoxic hydroxyl radical (33) . It is also possible that acute pharmacological scavenging of O 2 Ϫ leads to a disturbance in NO metabolic pathways, including formation of ONOO Ϫ , which may in some vascular beds act as an intermediate NO donor (33) . We previously reported that Tempol impaired flow-induced vasodilation in coronary arterioles of male rats (20) . This impairment was reversed by treatment with the iron chelator deferoxamine, suggesting that exogenous SOD resulted in excessive production of H 2 O 2 and OH Ϫ through activation of Fenton chemistry (20) . A similar mechanism may contribute to the impairment of flow-induced dilation in coronary arterioles from young and OVE female rats when the balance between SOD and catalase activity is disrupted by addition of SOD. Future experiments will be needed to address the possibility that acute SOD supplementation and formation of OH Ϫ contributes to the impaired flow-induced dilation that occurs with Tempol treatment. Our current data suggest that O 2 Ϫ -derived species are integral in flow-induced signaling in coronary arterioles and that altering endogenous production of these O 2 Ϫ -derived species reduces flow-induced vasodilation.
In contrast, our data suggest that chronic deficiency of SOD in arterioles from aged or OVX rats leads to ONOO Ϫ -induced nitrosylation of proteins that are critical to NOSmediated, flow-induced vasodilation. Restoring endogenous Cu/Zn SOD protein levels with exogenous estrogen reduced NT (Fig. 6 ) and improved NO-mediated vasodilation (Fig. 1) . These results suggest that, although O 2 Ϫ -derived species may be necessary for flow-induced signaling to occur, chronic reduction of the O 2 Ϫ -buffering capacity within the endothelium contributes to the impairment of flow-induced vasodilation in coronary arterioles in aged rats. Further experiments will be necessary to determine whether long-term treatment with SOD mimetics or molecular manipulation of SOD expression can reverse the impairment of flow-induced dilation that occurs with age and/or declining ovarian estrogen.
Oxidant stress has been implicated in the development of endothelial dysfunction (4) , and these effects may be exacerbated with advancing age (6) . Estrogen, conversely, is correlated with reduced oxidant stress and enhanced antioxidant activity (7, 42) . Immunoblot analysis revealed elevated NT with aging and after OVX, which was restored similar to young intact levels following estrogen treatment (Fig. 6) . Cu/Zn SOD protein decreased when circulating estrogen was abruptly reduced by OVX in young rats (Fig. 7) , likely contributing to increased ONOO Ϫ formation and damage to proteins critically involved in NO signaling and NO-mediated vasodilation. In aging female rats, reductions in circulating estrogen may contribute to the age-related decrease observed in Cu/Zn SOD (Fig. 7) and increased abundance of NT (Fig. 6) . Previous studies have demonstrated direct transcriptional upregulation of MnSOD and extracellular SOD by estrogen in vascular smooth muscle cells (43) , as well as increased Cu/Zn SOD protein in coronary arteries from ER␣ knockout mice (30) . Considered together, these data suggest that estrogen is an important regulator of SOD expression. Furthermore, impaired Cu/Zn SOD due to loss of circulating estrogen may cause long-term endothelial damage, leading to the ultimate decline in NO-mediated vasodilation in coronary arterioles of aged female rats.
Catalase reduced flow-induced dilation in all groups (Fig.  5A ). Direct measurements of flow-induced H 2 O 2 production by DCF fluorescence, as well as reactivity to exogenous H 2 O 2 , revealed no changes with age (Fig. 5) . These data contrast our findings in coronary arterioles from male rats, where a reduction of H 2 O 2 signaling contributes to age-induced impairment of flow-induced vasodilation (21) . In vessels from wild-type and ER␤ knockout male mice, catalase induced similar impairment of endothelium-mediated vasodilation (26) . In contrast, catalase inhibition of flow-induced dilation was similar or greater in arterioles from OVX rats compared with those from age-matched intact or OVE rats (Fig. 5A ). This suggests that the relative contribution of H 2 O 2 to flow-induced dilation may increase with removal of circulating estrogen, thereby compensating for the loss of flow-induced NO signaling that occurred in arterioles from OVX rats.
Our study did not identify the source(s) of O 2 Ϫ derived species that contribute to flow-induced signaling in coronary arterioles from female rats. Trott and colleagues (46) recently reported that NAD(P)H-derived H 2 O 2 contributes to ACh-induced dilation in skeletal muscle resistance arteries of young rats but that NAD(P)H-derived O 2 Ϫ reduces endothelium-dependent vasodilation in arteries from old rats. In skeletal muscle arterioles, we have reported an age-related decrease in flow-induced, NO-mediated vasodilation that is accompanied by increased O 2 Ϫ production by uncoupled eNOS (41) . Surprisingly, exercise training increased both aging dramatically increased NT protein levels in coronary arterioles from intact females. In young females, OVX elevated NT protein expression, and estrogen treatment restored NT to levels comparable to intact rats. In aged females, estrogen replacement significantly reduced NT compared with intact and OVX rats (n ϭ 6 -8/group). Data are presented as means Ϯ SE. *P Ͻ 0.05 vs. young intact. †P Ͻ 0.05 vs. age-matched intact. ‡P Ͻ 0.05 vs. age-matched OVX.
eNOS-derived NO and O 2
Ϫ signaling in response to intraluminal flow (41) . Thus the relative source and contribution of NO-and O 2 Ϫ -derived species to endothelium-dependent vasodilation may be altered by physiological and pathophysiological stress. In order for effective therapies to be developed, future studies will need to investigate the effects of age and alterations of estrogen status on the source of ROS in coronary arterioles.
OVX significantly increased body weight in young rats. This increase in body weight may be attributed, in part, to the loss of the anorexigenic effects of estrogen (38) , and it follows that estrogen replacement results in a loss of body weight in both young and aged rats. Because endogenous estrogen levels are initially low in aged intact females, removing the remaining estrogen had an insignificant effect on both body and uterine weight. In young animals, OVX also increased heart weight. Following loss of ovarian hormones, it is likely that the anabolic characteristics of the remaining cortisol-derived androgenic hormones dominate, resulting in a general increase in muscle mass. In both age groups, OVE resulted in increased heart weight-to-body weight ratios compared with OVX and intact animals, primarily because of the decrease in body weight in OVE animals. Current evidence largely supports the beneficial effects of estrogen on cardiovascular function (8) , despite WHI reports to the contrary (28) . The increased risk for coronary heart disease described in the WHI clinical trials demanded closer investigation of the effects of HRT on the cardiovascular system. Subsequent analysis revealed that timing of HRT might be of utmost importance in determining future cardiovascular risk; in the majority of animal studies emulating HRT, estrogen replacement was initiated immediately following OVX (7, 29, 48) . The effects of estrogen on metabolism and body mass may contribute to the varied effects of HRT that depend on timing relative to menopause or OVX. Our data in coronary arterioles support early initiation of HRT (before significant weight gain occurs) to maximize the beneficial effects on NO-mediated signaling and coronary blood flow.
In summary, our data confirm that flow-induced dilation of rat coronary arterioles is highly dependent on NO bioavailability. Direct NO measurements indicate that both age and loss of circulating estrogen due to ovariectomy reduce NO availability in rat coronary arterioles. Additionally, our data demonstrate that age-related impairments of flow-induced NO-mediated dilation may be related to decreases in circulating estrogen. With advancing age or a loss in circulating estrogen, reduced Cu/Zn SOD expression and increased protein nitration correlate with a loss of flow-induced signaling. Furthermore, in young animals, excessive dismutation of O 2 Ϫ by exogenous SOD may inhibit normal NO-mediated signaling, impairing flow-induced dilation. Thus maintenance of carefully regulated NO signaling is critical to healthy flow-induced dilation in the coronary resistance vasculature of female rats. Circulating estrogen appears to be an important regulator of NO signaling in coronary arterioles; thus, estrogen supplementation can improve NO availability, even at an advanced age.
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